Abstract. In order to reveal the involvement of the sperm postacrosomal region in the acrosome reaction, we examined the effects of the protein phosphatase inhibitor calyculin A on the postacrosomal protein serine/threonine phosphorylation state and acrosome morphology in boar spermatozoa incubated with a cAMP analog. Proteins were highly phosphorylated on the serine/threonine residues only in the postacrosomal region before incubation. After 90-min incubation without calyculin A, the protein phosphorylation state declined in the postacrosomal region irrespective of the capacitation state while it remained under the detectable level in the other regions of the sperm head. However, addition of calyculin A effectively suppressed the decline in protein phosphorylation state and increased an inactive form of protein phosphatase 1 in the postacrosomal region. On the other hand, this inhibitor had no influence on the protein phosphorylation state in the acrosome and equatorial segment. After incubation without calyculin A for 180 or 360 min, many spermatozoa exhibited acrosomal changes and loss that indicated occurrence of the acrosome reaction. However, addition of calyculin A significantly blocked these events. These results are consistent with our suggestion that postacrosomal serine/threonine-phosphorylated proteins are involved in suppression of the acrosome reaction in boar spermatozoa in vitro. Key words: Acrosome, Boar, Calyculin A, Chlortetracycline, Postacrosomal region, Protein phosphatase (J. Reprod. Dev. 54: [171][172][173][174][175][176] 2008) n mammalian spermatozoa, the head is composed of the acrosome, equatorial segment and postacrosomal region. The acrosome has a unique structure of triple membranes (plasma, outer-acrosomal and inner-acrosomal membranes), and it is generally considered to play pivotal roles in fertilization with oocytes. Briefly, when the acrosome of capacitated spermatozoa interacts with the zona pellucida glycoprotein (ZP3) of oocytes, multiple fusions are induced between the plasma and outer-acrosomal membranes. Consequently, proteases are released from the acrosome and then digest the zona pellucida. This is an exocytosis "acrosome reaction" that enables spermatozoa to penetrate through the zona pellucida. Subsequently, the acrosome-reacted spermatozoa are bound to another zona pellucida glycoprotein (ZP2) to maintain the adhesion to the oocytes [1] [2] [3] . However, there are several controversial reports that suggest possible involvement of the postacrosomal region in the interaction with the zona pellucida and the intracellular calcium elevation during the acrosome reaction. Specifically, approximately 80% of the ZP3-binding sites have been found in the postacrosomal region of the mouse sperm head, although the remaining sites have been located in the acrosome. Moreover, ZP2-binding sites have only been detected in the postacrosomal region [4] . Investigation with a high-resolution imaging technique using a confocal laser scanning microscope revealed that intracellular calcium elevation began at the region around the equatorial segment and spread to the postacrosomal region during a zona-induced acrosome reaction in hamster spermatozoa [5] . Similarly, an intracellular calcium elevation primarily occurred in the postacrosomal region during progesterone-induced acrosome reactions in mouse and human spermatozoa [6, 7] . Such an intracellular calcium elevation in the sperm head seems to be induced via the intracellular cyclic adenosine 3´,5´-monophosphate (cAMP) signaling cascade [8] [9] [10] .
(J. Reprod. Dev. 54: [171] [172] [173] [174] [175] [176] 2008) n mammalian spermatozoa, the head is composed of the acrosome, equatorial segment and postacrosomal region. The acrosome has a unique structure of triple membranes (plasma, outer-acrosomal and inner-acrosomal membranes), and it is generally considered to play pivotal roles in fertilization with oocytes. Briefly, when the acrosome of capacitated spermatozoa interacts with the zona pellucida glycoprotein (ZP3) of oocytes, multiple fusions are induced between the plasma and outer-acrosomal membranes. Consequently, proteases are released from the acrosome and then digest the zona pellucida. This is an exocytosis "acrosome reaction" that enables spermatozoa to penetrate through the zona pellucida. Subsequently, the acrosome-reacted spermatozoa are bound to another zona pellucida glycoprotein (ZP2) to maintain the adhesion to the oocytes [1] [2] [3] . However, there are several controversial reports that suggest possible involvement of the postacrosomal region in the interaction with the zona pellucida and the intracellular calcium elevation during the acrosome reaction. Specifically, approximately 80% of the ZP3-binding sites have been found in the postacrosomal region of the mouse sperm head, although the remaining sites have been located in the acrosome. Moreover, ZP2-binding sites have only been detected in the postacrosomal region [4] . Investigation with a high-resolution imaging technique using a confocal laser scanning microscope revealed that intracellular calcium elevation began at the region around the equatorial segment and spread to the postacrosomal region during a zona-induced acrosome reaction in hamster spermatozoa [5] . Similarly, an intracellular calcium elevation primarily occurred in the postacrosomal region during progesterone-induced acrosome reactions in mouse and human spermatozoa [6, 7] . Such an intracellular calcium elevation in the sperm head seems to be induced via the intracellular cyclic adenosine 3´,5´-monophosphate (cAMP) signaling cascade [8] [9] [10] .
It is well-known that a 32-kDa tyrosine-phosphorylated protein increases in the acrosome of boar spermatozoa during incubation in a capacitation-supporting medium. This increase is dependent on calcium and cAMP and is linked to the progress of capacitation and the acrosome reaction [10] [11] [12] [13] . On the other hand, we [14] have shown changes in the postacrosomal protein serine/threonine phosphorylation state of boar spermatozoa incubated with a cellpermeable cAMP analog in order to stimulate the cAMP signaling cascade. The postacrosomal proteins were highly serine-/threonine-phosphorylated before incubation. However, the protein serine/threonine phosphorylation state gradually declined in the postacrosomal region after initiation of incubation, although it was contrastively enhanced in the flagellum. Subsequently, many spermatozoa exhibited acrosomal changes and loss (i.e., acrosome reaction) in the samples after prolonged incubation. The same samples, moreover, also exhibited flagellar hyperactivation [10, 14, 15] . These results confirm that incubation with a cAMP analog can promote the acrosome reaction and hyperactivation in vitro. How-ever, there are no reports available regarding the biological significance of the decline in the postacrosomal protein serine/threonine phosphorylation state.
In this study, we examined the effects of the protein phosphatase inhibitor calyculin A on the postacrosomal protein serine/threonine phosphorylation state and acrosome reaction in boar spermatozoa incubated with a cAMP analog in order to reveal involvement of the postacrosomal region in the acrosome reaction.
Materials and Methods

An animal use ethics statement
This study was approved by the Institutional Animal Care and Use Committee (Permission number: 16-04-08) and carried out according to the Kobe University Animal Experimentation Regulations.
Preparation of sperm samples
Sperm-rich fractions from ejaculates were obtained from four mature boars using a manual method. The spermatozoa were washed in isotonic Percoll (GE Healthcare UK, Buckinghamshire, UK) and then phosphate-buffered saline (PBS) containing 0.1% polyvinyl alcohol (PVA, Sigma-Aldrich Chemicals, St. Louis, MO, USA; PVA-PBS) by centrifugation as described previously [10, 15] . The basic medium was a modified Krebs-Ringer Hepes medium (pH 7.4) containing PVA (0.1%) and cBiMPS (0.1 mM, a cell-permeable cAMP analog, Biomol International, Plymouth Meeting, PA, USA) [10, 15] . The washed spermatozoa were resuspended in the medium with or without calyculin A [250 nM, an inhibitor for protein phosphatase 1 (PP1) and protein phosphatase 2A (PP2A), Sigma-Aldrich], adjusted to a final sperm concentration of 1.0 × 10 8 cells/ml and incubated in a water bath (38.5 C). Immediately before and after incubation for 90, 180 or 360 min, the sperm suspensions were mixed well and aliquots of them were recovered for use in the following experiments.
Assessment of sperm capacitation state
The chlortetracycline (CTC) staining assay is usually regarded as a valid method for evaluation of sperm capacitation state [16] , although the mechanisms for the changes in the staining patterns remain unclear. In this study, therefore, we evaluated the sperm capacitation state using the CTC staining assay. The staining was performed as described previously [17] . One hundred spermatozoa from each preparation were assessed under a differential interference microscope equipped with epifluorescence (EFD2 and BV filter set containing a 400-440 nm excitation filter, 455 nm dichroic mirror and 470 nm emission filter, Nikon, Tokyo, Japan) and classified into four patterns as shown in Fig. 1 .
Immunodetection of serine-/threonine-phosphorylated proteins and PP1
The procedures for indirect immunofluorescence (IIF) and Western blotting (WB) were described in our previous reports [15, 18] . The antibodies used in this study were rabbit anti-phosphoserine/phosphothreonine polyclonal antibody [Cell Signaling In the experiments to assess the postacrosomal protein phosphorylation state, one hundred cells from each preparation were observed by fluorescent microscopy (× 1,000) and classified into three categories (+ for intensive fluorescence, ± for moderate fluorescence and -for no fluorescence; Fig. 2 ).
Assessment of acrosome morphology
Acrosome morphology was assessed using Giemsa staining [10, 14] . Aliquots of each sperm sample were smeared onto glass slides and air-dried on a hot plate (37 C). The slides were fixed for 45 min in fixative [10% (v/v) formalin in 6.8% potassium dichromate solution] and then stained in a phosphate-buffered Giemsa solution for 120 min. Two hundred cells from each preparation were observed by light microscopy (× 1,000) and classified into three categories [intact acrosome, moderately damaged acrosome (e.g., irregular staining of the apical ridge and slight swelling) or severely damaged acrosome/no acrosome (e.g., severe swelling, disintegration and detachment)] (Fig. 3) .
Assessment of sperm motility
Sperm motility was assessed by subjective observation. Briefly, the motility was observed in a 2-μl drop of sperm suspension on a heated stage (38.5 C) under a bright-field microscope. Spermatozoa showing any movement were considered to be motile cells, irrespective of their progressive motility.
Statistical analysis
The obtained data were subjected to one-way analysis of variance (ANOVA) or two-tailed paired t-test after arcsine transformation. When F-test results were significant with ANOVA, individual means were further tested by Tukey's multiple range tests [20] .
Results
Effects of cBiMPS on capacitation and the subsequent acrosome reaction
In the first experiments, we examined the effects of cBiMPS on the CTC staining patterns that indicated the state of capacitation and the subsequent acrosome reaction (Fig. 1) . Most spermatozoa were classified into the F pattern (uncapacitated spermatozoa) before incubation. However, the percentages of B1 and B2 patterns (capacitating and capacitated spermatozoa) significantly increased during 90-min incubation with cBiMPS. After 180-min incubation with cBiMPS, moreover, many spermatozoa were classified into not only the B1/B2 patterns but also the AR pattern (acrosomereacted spermatozoa). By contrast, 180-min incubation without cBiMPS had no significant influence on the sperm CTC staining patterns. These results indicate that cBiMPS is effective for promotion of sperm capacitation and that capacitated spermatozoa undergo the acrosome reaction after prolonged incubation with cBiMPS. tein serine/threonine phosphorylation state after incubation with cBiMPS. Fluorescence was detected mainly in the postacrosomal region before incubation. After 90-min incubation with cBiMPS, the fluorescence was eliminated in the postacrosomal region of almost all spermatozoa but became intensive in the flagella. However, further addition of calyculin A significantly suppressed elimination of fluorescence in the postacrosomal region without inhibitory effects on the increase of fluorescence in the flagella. Moreover, IIF and WB confirmed the existence of PP1 in the postacrosomal region and inactivation of PP1 by phosphorylation on Thr-320 in response to the action of calyculin A (Fig. 4) . These results indicate that PP1-mediated postacrosomal protein serine/ threonine dephosphorylation occurs in almost all spermatozoa during 90-min incubation with cBiMPS. In addition, calyculin A did not have any influence on the protein serine/threonine phosphorylation state in the acrosome and equatorial segment (Fig. 2) . In the samples after 90-min incubation without cBiMPS, the postacrosomal protein serine/threonine phosphorylation state was greatly varied among the experiments (unpublished data), although it did apparently decline in almost all spermatozoa after incubation with cBiMPS (Fig. 2) . So, we could not clarify the effects of cBiMPS on the postacrosomal protein serine/threonine phosphorylation state in this study. Interestingly, Murase et al. [21] recently reported that boar sperm quality and seminal plasma composition are greatly affected by seasonal factors. This fact may explain why the postacrosomal protein phosphorylation state was unstable after incubation without cBiMPS.
Effects of calyculin A on the postacrosomal protein serine/ threonine phosphorylation state after incubation with cBiMPS
Effects of calyculin A on acrosome morphology after incubation with cBiMPS
As shown in Fig. 5 , the percentage of spermatozoa with severely damaged acrosomes or without acrosomes was less than 10% before incubation and did not show any significant changes during incubation without cBiMPS and calyculin A. This indicates that only a small number of spermatozoa underwent the spontaneous acrosome reaction throughout the 360-min incubation. By contrast, the percentages of spermatozoa with severely damaged acrosomes or without acrosomes significantly increased to approximately 50% during the 360-min incubation with cBiMPS. This result supports the above-mentioned suggestion that capacitated spermatozoa undergo the acrosome reaction after prolonged incubation with cBiMPS. However, addition of calyculin A effectively suppressed the increase in spermatozoa with severely damaged acrosomes or without acrosomes, namely occurrence of the cBiMPS-induced acrosome reaction. In addition, the percentages of motile spermatozoa were very high (82-92%) in all samples, indicating maintenance of sperm viability throughout the 360-min incubation irrespective of addition of cBiMPS and calyculin A. On the other hand, addition of calyculin A had only slight influences on the capacitation state in the spermatozoa incubated with cBiMPS for 90 min, as assessed using the CTC staining assay (Fig. 6 ).
Discussion
Localization of calyculin A-sensitive protein phosphatases in the sperm head
The largest change of protein serine/threonine phosphorylation state in the boar sperm head during incubation with cBiMPS was PP1-mediated protein dephosphorylation in the postacrosomal region (Figs. 2 and 4) [14] . Although the acrosome reaction was induced in many spermatozoa after prolonged incubation under the same conditions (Figs. 1 and 5 ) [10] , no serine-/threonine-phosphorylated proteins were detected in the acrosome throughout the incubation period [14] . Moreover, addition of calyculin A appar- ently reduced the activity of PP1 (Fig. 4) and suppressed decline of the postacrosomal protein serine/threonine phosphorylation state (Fig. 2) . However, addition did not have any influence on the protein serine/threonine phosphorylation state in the acrosome and equatorial segment (Fig. 2) . These results suggest that distribution of calyculin A-sensitive protein phosphatases in boar sperm head is limited to the postacrosomal region. However, calyculin A also suppressed the cAMP analog-induced acrosome reaction. Thus, the calyculin A-sensitive protein phosphatases of the postacrosomal region might be associated with the cAMP analog-induced acrosome reaction in vitro.
Possible relationship between postacrosomal PP1 and acrosome reaction
In the sperm samples incubated for 90 min with cBiMPS, approximately 50% of the spermatozoa were in the capacitation state and a small number of spermatozoa were already acrosomereacted. The others were classified into uncapacitated spermatozoa (Fig. 1) . On the other hand, the protein serine/threonine phosphorylation state declined in the postacrosomal region of almost all spermatozoa in the same samples (Fig. 2) . Moreover, addition of calyculin A had only slight influences on the sperm capacitation state (Fig. 6 ). In addition, the immunodetection level of the inactive form of PP1 (phospho-PP1, pThr320) did not vary during 90-min incubation with cBiMPS (Fig. 4) , indicating that the PP1 of the postacrosomal region was constantly active throughout the incubation period. These results suggest that PP1-mediated protein dephosphorylation in the postacrosomal region is independent of the progress of sperm capacitation.
PP1-mediated protein dephosphorylation was observed in the postacrosomal region of almost all spermatozoa after 90-min incubation with cBiMPS. This protein dephosphorylation apparently preceded the cBiMPS-induced acrosome reaction in the samples. Moreover, the percentage of acrosome-reacted spermatozoa was much lower (approximately 50%) in the samples incubated for 360 min (Figs. 1, 2 and 5 ). These results imply that the acrosome reaction requires cAMP analog-promoting molecular changes during incubation periods of between 90 and 360 min in addition to PP1-mediated protein dephosphorylation in the postacrosomal region.
In human spermatozoa, the ERK1 and 2 (ERK1/2) of the postacrosomal region enhance kinase activity during capacitation and then are redistributed to the equatorial segment after the acrosome reaction [22] . Upstream regulators of ERK1/2 (Shc, Grb2, Ras p21 and Raf) also exist in human spermatozoa, and Grb2, Ras p21 , Raf and MEK inhibitors does-dependently prevent sperm capacitation [23] . Moreover, a recent paper [24] showed that spermatozoa from Raf kinase inhibitor protein (RLIP)-deficient mice are precociously capacitated compared with their wild-type counterparts. This suggests that Raf and ERK1/2 play important roles in capacitation and the subsequent acrosome reaction. In COS-7 cells, additionally, PP1 can dephosphorylate Raf-1, which results in activation of Raf-1 [25] . Moreover, Ser-259 on Raf-1 appears to be a main target for inhibitory phosphorylation that suppresses the kinase activity of Raf-1 [26] [27] [28] . If the Raf1 and ERK1/2 signaling cascade exists in the postacrosomal region of boar spermatozoa, this would explain why the cAMP analog-induced acrosome reaction is inhibited by calyculin A. Further experiments are required to demonstrate this hypothesis in the future.
In conclusion, the results obtained in this study are consistent with our suggestion that the postacrosomal serine/threonine-phosphorylated proteins are involved in suppression of the acrosome reaction in boar spermatozoa in vitro. The postacrosomal phosphoproteins might have a function in suppression of premature acrosome reactions before and immediately after ejaculation.
